Abstract -In this paper a feedback amplifier circuit integrated in MCM-D (MultiChip Module with Deposited thin films) on glass technology is presented. The active device of the amplifier is a thin-film Ge (germanium) -based HEMT. The HEMT is embedded in the bottom dielectric layer of the MCM-D. The combination of passive MCM-D technology and HEMTs on Ge allows for efficient semimonolithic integration of active devices and realization of MCMs with embedded passive and active components for amplifier circuits.
I. INTRODUCTION
High packaging density and large scale integration of passive and active components have become key issues in the further development of portable communication systems. Good examples of these trends are the upcoming standards for wideband WLANs (Wireless Local Area Networks) in the 5-6 GHz band. Earlier developments have shown that MCM-D technology can be a viable candidate for the integration and interconnection of high quality microwave and RF applications [1] - [2] . This MCM-D integration of RF (sub-)systems leads to a new implementation paradigm called "System-in-a-Package" (SiP) . With High quality integrated spiral inductors are hard to realize. Especially on standard silicon, the low resistivity of the silicon causes dielectric losses, hereby limiting the quality of the inductors, integrated in a conventional Al back-end of line, to about 5 at 1 or 2 GHz. When realizing the same spiral inductors in MCM-D on a low loss alumina or glass carrier substrate, the quality factor increases tremendously at a lower overall cost [5] .
Quality factors above 100 @ 10 GHz (for inductance values < 1.7 nH) can be realized. The spiral, integrated in the middle Cu metal layer, is multiturn circular in a coplanar fashion. The center of the spiral is connected to the outside through an overpass using a higher metal layer. 
IV. INTEGRATED ACTIVE DEVICES
IMEC's MHEMT layers are grown by MBE (Molecular Beam Epitaxy) and devices are fabricated with the same process as used for the production of InP HEMTs [6] . The gate length of the devices is 0.2 Fim and the gate width is 2 x 50 rim. In the case of MHEMTs on cheap Ge substrates, the conductive nature of the substrate makes such devices unsuitable for microwave applications. The substrate, having served its purpose as a platform for growth, is removed and the MHEMT device is transferred to the glass carrier substrate [4] . The thinfilm MHEMTs exhibit excellent DC (gm = 700 mS/mm) as well as RF (fT = 80 GHz; fmax = 120 GHz) performance.
Prior to the removal of the Ge substrate and after deposition of resistor and capacitor layers on the glass carrier substrate, the Ge wafer is diced. A chip containing a single MHEMT is embedded in a spin coated BCB glue layer using a device bonder in thermocompression mode. Chips as small as 400 x 500 Fim2 can be positioned with 3 Fim post-bonding accuracy. After gluing the chip in the BCB layer, the polymer needs thermal curing for mechanical strength.
Substrate removal and opening of the contact pads of the thin-film MHEMT are done by a highly selective RIE (Reactive Ion Etch) dry etch, a lithography step for protection of the active area of the transistor and wet etching [7] . It is especially important that this etching method does not damage the previously deposited resistor and capacitor layers. A BCB layer of about 5 Fim thick is then spin coated in order to planarize the structure. In order to circumvent problems in the following processing steps, the total thickness of the devices has to be kept below 5 rim. This requirement is easily maintained due to the removal of the substrate and buffer layers. Via holes through the BCB dielectric allow to contact the thin-film transistor. A top view optical micrograph of a thin-film MHEMT on glass is shown in Fig. 1 . The photograph clearly shows the active area and gold contact pads which are revealed after etching.
Electroplated Cu transmission lines ensure low loss connections to the different passive and active components. Fig. 1 shows a cross-section of a complete MCM-D build-up with integrated passive and active devices. A BCB layer covers the entire structure and via holes are made. Finally, Ni/Au contact pads are deposited by electroless plating.
V. CIRCUIT DESIGN AND MEASUREMENT RESULTS
To demonstrate the abilities of this combination of passive MCM-D technology and thin-film MHEMTs based on Ge, an integrated circuit has been designed and realized. A broadband feedback amplifier has been chosen since these amplifiers can be designed robust enough to allow small changes in the technology. The circuit has been designed using a measurement-based small-signal equivalent model of the thin-film MHEMT and IMEC's integrated passives design library containing parameterized scalable models [8] . The component library is integrated in Agilent's ADS CAE environment. This allows easy and accurate co-design of the active and passive devices. Fig. 2 shows the measured S-parameters for a MHEMT on a combined Smith chart/polar plot. The influence of the conductive Ge substrate on the Sparameters has completely disappeared after substrate removal. Fig. 2 . Measured S-parameters for a MHEMT based on a Ge substrate (combined Smith chart/polar plot; before (thin) and after (thick) substrate removal; 100 MHz -50 GHz, 201 points).
33rd European Microwave Conference -Munich 2003 Fig. 3 shows a photograph of the circuit. The main feedback element is the resistor RFB ( = RFB1 + RFB2), connected between the drain and the gate of the transistor to control the amount of negative feedback. This negative feedback flattens the gain, makes the transistor more stable and moves the in-and output impedances closer to the desired 50 Q. The value of RFB is taken as a compromise between gain, bandwidth and reflection. this has several advantages over the more traditional microstrip approach: through-substrate vias are not required and backside wafer processing can be omitted. The bandwidth of the amplifier is mainly determined by the gain-bandwidth product of the active device and by the gain controlled by RFB. Additionally, the feedback loop is made frequency dependent by putting an inductance LFB in series with RFB. At the highest frequencies, the inductor reduces the amount of negative feedback thus maintaining a flat gain up to higher frequencies. LFB will however also cause an increase of the in-and output reflection at higher frequencies. Finally, a capacitor CFB is used to block the DC current between the positive drain and the negative gate bias. Due to the relatively low total transconductance (gm = 70 mS) of the 100 Fim wide MHEMT used in this design, this amplifier had a relatively low small-signal gain. The low total gm also made it difficult to take the value of the feedback resistance RFB close to the value for a good inand output matching as for such low RFB, the gain would drop to almost unity. Instead a relatively high RFB was taken at the expense of a higher in-and output reflection.
CPW (Coplanar Waveguide) transmission lines, A feedback amplifier integrated circuit has been fabricated to demonstrate the abilities of this combination of MCM-D and III-V-on-Ge technology.
